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Abstract
Most often, the engineering components under service loads develop a 

crack in arbitrary orientation, which may result in fracture under mixed mode 
conditions. In this study, a recently proposed single edge cracked circular 
(SECC) specimen is used for performing mixed mode (I/II) fracture studies of 
polymethylmethacrylate (PMMA). The SECC specimens fabricated from the 
PMMA sheet have been used to conduct fracture experiments under static loading. 
A large number of finite element (FE) numerical analyses of the SECC specimen 
have been performed to determine the stress intensity factors and T-stress for 
different mixed mode configurations. The critical fracture load and crack kink 
angles have been measured from fractured specimens and are compared with 
the generalized maximum tangential stress (GMTS) criterion. The experimental 
results are in good agreement with the GMTS criterion. The results show that the 
newly proposed SECC specimen can successfully be utilized to study the mixed 
mode fracture behavior of brittle materials like PMMA. 
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Introduction
The PMMA is frequently used as a favorite brittle material for conducting 

experimental investigations of crack growth. Some major advantages of PMMA 
include optical transparency, ease of specimen fabrication, and, more importantly, 
ease of creating sharp precrack. Due to the advantages mentioned above, PMMA 
has been widely employed by various researchers in fracture studies [1-3]. The 
engineering components are often subjected to multi-axial loading conditions. 
Under service loads, these structures develop cracks like defects, slowly 
propagating and resulting in fractures. Therefore, mixed mode fracture studies 
are essential for predicting structural integrity and ensuring its reliability. A crack 
under mixed mode loading grows in a curvilinear manner. Therefore, a complete 
knowledge of mixed mode (I/II) fracture needs to calculate (a) the critical load 
Pcr at which unstable crack propagation occurs and (b) the direction of incipient 
crack propagation θ0.

Due to the lack of standardized testing procedures, a large number of labo-
ratory specimens have been employed by various researchers to study the mixed 
mode fracture behavior of various brittle materials like rocks, glass, and metals. 
Among them, compact tension shear specimens [4], Arcan specimen [5], T-spec-
imen [6], semi-circular bend specimens [7], and three/four-point bend specimens 
[8] have been widely used for mixed mode fracture studies. Shukla et al. [9] have 
recently proposed a SECC specimen that can be used for mixed mode fracture 
studies. The SECC specimen has demonstrated its efficacy in conducting fracture 
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Where, KI and KII are the mode I and mode II stress intensi-
ty factors (SIFs), respectively. The fracture locus of the MTS 
criterion under mixed mode loading can be calculated from 
equation 2. 
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Here, KIC is the plane strain fracture toughness. 

The GMTS criterion considers the singular SIF terms 
(K) and first non-singular term known as T- stress near the 
crack tip for the calculation of tangential stress [12]. Other 
assumptions of the GMTS criterion are the same as the MTS 
criterion [10]. According to the GMTS criterion, the crack 
initiation angle θ0 can be calculated from equation 3
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Where, T is the non-singular term T-stress and rc is defined as 
the size of the localized damage zone of the material [12]. The 
fracture locus of the GMTS criterion can be calculated from 
equation 4. In the present investigation rc = 0.3 mm is consid-
ered for PMMA material, which is in the range of values used 
by previous studies on PMMA [1-3, 12, 13]. 
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	 It is to be noted from equations 3 and 4 that the 
GMTS criterion simplifies to the MTS criterion if the 
T-stress term is not considered.

Finite element analyses

The FE technique has been used to perform all the numerical 
simulations in the ANSYS® APDL environment. Since the 
loading is planar, two-dimensional analysis of the specimen 
has been performed under plane stress assumptions. The 
following dimensions of the SECC specimen have been 
considered for FE analyses: Do = 160 mm, Di = 118 mm, d 
= 13 mm, and different crack lengths. The material properties 
of the PMMA, Young’s modulus E = 2950 MPa and Poisson’s 
ratio ϑ = 0.38 are used in all the FE analyses. Figure 2 shows 
the typical FE mesh of the SECC specimen used for the 
present work. Eight-noded-isoparametric quadratic elements 
have been used to generate the mesh of the SECC specimen.

studies of brittle and metallic materials. The main advantage of 
the SECC specimen is that the specimen does not require any 
complicated additional fixture to impart mixed mode loading.

In the present work, new fracture tests under mixed mode 
loading have been conducted on the SECC specimens fabri-
cated from the PMMA material. The mixed mode fracture 
toughness of the PMMA is evaluated. Detailed FE analyses 
have also been performed to calculate the variation of stress 
intensity factors and T-stress. Finally, the experimental results 
are compared with the theoretical predictions of maximum 
tangential stress (MTS) and GMTS criterion.

Materials and Methods
Design of the single edge cracked circular specimen

The schematic diagram of the SECC specimen is 
shown in figure 1. The SECC specimen has a diameter 
equal to Do = 160 mm. The specimen has three holes of di-
ameter d = 13 mm. Three holes are strategically positioned 
to serve two purposes. First, if the specimen is fabricated 
from a metallic specimen, holes A and C can be used for 
the fatigue pre-cracking. Second, holes A and B are used 
to load the SECC specimen under mixed mode conditions. 
By changing the position of holes, A and B with respect 
to the loading line, desired mode mixity can be achieved. 
The angle between the crack plane and the global loading 
direction is defined as β. And the angle α = (π/2) – β is 
defined as the loading angle (Figure 1b). The case of mode 
I can be achieved at a loading angle α = 0°, and the case of 
mixed mode (I/II) can be achieved at a loading angle α ≠ 
0°. Further details about the design and development of the 
SECC specimen can be read from Shukla et al. [9]. 

Theoretical background

In the context of linear elastic fracture mechanics, various 
stress, strain, and energy-based mixed mode (I/II) fracture cri-
teria have been developed to predict the unstable crack growth 
direction and critical fracture load [10-12]. The mathematical 
formulation of MTS [10] and GMTS criteria [12] have been 
briefly presented in this section. 

	 According to the MTS criterion [10], the crack 
grows in the plane perpendicular to the maximum tangential 
stress when this stress reaches a critical value KIC. The crack 
initiation angle θ0 can be calculated from equation 1.

Figure 1: Geometric details and loading orientation of the SECC speci-
men. (a) Precracking orientation and (b) Mixed mode configuration.
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≤ 80°. It is to be noted here that the sign and magnitude of the 
T-stress considerably affect the fracture toughness and crack 
path under mixed mode loading [12]. A positive T-stress de-
creases the fracture toughness and a negative T-stress increas-
es the fracture toughness of cracked materials. Furthermore, a 
negative T-stress assists in stable crack growth [12, 13].

Fracture experiments

Mixed mode fracture experiments for six different loading 
angles, i.e., α = 0°, 15°, 30°, 45°, 60°, and 75° have been con-
ducted on the SECC specimen fabricated from a 6 mm thick 
PMMA sheet material. The specimens are fabricated using a 
CO2 laser cutting machine, and a precrack of length 2 mm is 
cut with the help of a jewelry saw, making a final crack length 
ratio of a/Do = 0.5. A BiSS ITW make 250 kN servo hydraulic 
universal testing machine has been used for all the fracture ex-
periments. Figure 4 shows the complete experimental loading 
setup used for fracture experiments under mixed mode load-
ing. All the tests are conducted under a constant displacement 
rate of 0.15 mm/min.  

Results and Discussion
Table 1 shows the experimental results for the SECC 

specimen tested under different mixed mode loading angles. 
The mode I fracture toughness of the PMMA sheet is calcu-
lated by considering the SIFs value corresponding to fracture 
load for α = 0° (Table 1). The average KIC of the SECC speci-

Twenty-four quarter-point elements (QPEs) have been 
used circumferentially. QPEs are generally used for simu-
lating the inverse square root singularity near the crack tip. 
The boundary conditions used for the numerical analyses are 
shown in figure 2. A reference point load of P = 1000 N is ap-
plied on hole A, which has also been constrained in the x-di-
rection. All degrees of freedom of hole B have been kept equal 
to zero (Figure 2). 

The SIFs and T-stress are calculated using an interior 
collocation method proposed by Jogdand and Murthy [14]. 
The required computer codes for implementing the interior 
collocation method have been written in MATLAB. Since 
the SIFs characterize the crack tip stress fields, the accurate 
determination of SIFs and T-stress plays an important role in 
the theoretical predictions using a suitable fracture criterion. 
In the present analyses, the variation of SIFs and T-stress are 
obtained by varying the loading angle α from 0° to 80° for 
different crack length ratios a/Do. For simplicity, the SIFs and 
T-stress for any mixed mode configuration of the SECC spec-
imen can be written as given in equation 5. 
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Where, P is the applied load, t is the thickness of the 
SECC specimen, a is the crack length, and YI (a/Do,α) and YII 
(a/Do,α) are the mode I and mode II geometric factors, respec-
tively. And T * is the dimensionless form of the T-stress.

The variation of geometric factors YI (a/Do,α), YII (a/Do,α), 
and T * for different crack length ratios 0.4 ≤ a/Do ≤ 0.7 are 
shown in figure 3. It can be observed from figure 3a that YI 
monotonically decreases with an increase in α. On the other 
hand, YII increases with the increase in loading angle as expect-
ed. For, α = 0°, YI ≠ 0°, YII = 0° which implies that the SECC 
specimen is under pure mode I loading. For α ≠ 0°, both YI and 
YII are non-zero, which indicates that the specimen is under 
mixed mode (I/II) loading conditions. As expected, with an 
increase in crack length from a/Do = 0.4 to 0.7, the magnitude 
of both YI and YII increases. Figure 3c shows the variation T * 
for four different crack length ratios. It is evident from Figure 
3c that the sign of T * changes from negative to positive as the 
loading angle α changes from 0° to 80°. For a/Do = 0.7, T * re-
mains positive for the complete range of loading angles 0° ≤ α 

Figure 2: Left-hand side image shows the FE mesh of the SECC spec-
imen. The right-hand side image shows the spider web arrangement of 
QPEs around the crack. 

Figure 3: (a) Variation of mode I geometric factor, (b) Variation of mode 
II geometric factor, and (c) Variation of normalized T-stress for various 
crack length ratios.  

Figure 4: (a) Complete experimental setup for mixed mode fracture tests, 
(b) Pure mode I, and (c) Mixed mode (I/II) loading configuration for α 
= 45°.
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to KIC = 52.9 MPa mm . The theoretical prediction of the 
GMTS criterion for rc = 0 are in good agreement with the 
experimental results. 
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